To reveal chemical fractionation during porcellanitization, we have examined chemical compositions of porcellanite clasts and their host sediments from DSDP sites 164 and 166. Porcellanite is an intermediate product during chert formation. Distinctly higher Si/Ti ratios are observed in porcellanite relative to the host sediment, indicating Si transfer from the host sediment. However, Ti-normalized values of Al, Fe, Mn, Ca, Na, K, P, rare earth elements, Sc, Rb, Y, Cs, Pb, Th, and Cr in porcellanite are similar to those of the host sediment, showing that these elements are affected by only very limited fractionation during porcellanitization and retain information about the sedimentary environment. The Si/Ti, P/Ti, and Al/Ti ratios in DSDP clayey samples fluctuate synchronously with their sedimentation ages. Because the Si/Ti and P/Ti ratios in clayey sediment reflect the contribution of biogenic siliceous and phosphatic debris, respectively, their high values in Cenozoic clayey sediments indicate vigorous biogenic productivity. Moreover, the observed similarity in age profiles of the Al/Ti ratio with the Si/Ti ratio and P/Ti ratio in clayey samples suggests that the Al/Ti ratio is affected by the supply of biogenic debris. The high Al/Ti ratios found in the Cenozoic samples can be ascribed to the contribution of adsorbed Al onto sinking biogenic debris. The small difference between the Al/Ti ratio of the Cenozoic porcellanite and the host sediment indicates that the adsorbed Al is also retained in porcellanite during Si enrichment. Therefore, the Al/Ti ratio in bedded cherts may be a potential indicator of ancient biogenic activity.
Introduction
Sediment cores sampled by the Deep Sea Drilling Project (DSDP) and Ocean Drilling Project (ODP) have been valuable sources of information for elucidating the evolutionary history of the earth's surface (cf. papers in Initial Reports of DSDP and Scientific Results of ODP). However, deep-sea sediments made accessible by such direct drilling are limited to those deposited in the post-Jurassic, because older oceanic crust has been subducted back into the earth. However, sedimentary rocks from the Precambrian to Recent can be found in accretionary complexes around the world. Thus, studies of accreted sedimentary rocks are indispensable for investigating the long-term history of the earth prior to the Cretaceous. Among the sedimentary rocks commonly found in accretionary complexes, bedded chert has a great potential for retrieving clues to long-term environmental fluctuations on the earth's surface. In comparison with Manuscript received November 27, 2001; accepted September 19, 2002. other types of sedimentary rocks in accretional complexes, cherts have the following advantages for obtaining information on paleoenvironments: (1) long time span of sedimentation, (2) ease of age determination by radiolarians, and (3) high resistance to weathering. However, it should be noted that because of the extremely fine-grained character of detrital components, petrological information would be of little use in constraining the sedimentary conditions of a chert. Hence, geochemical approaches have commonly been employed to understand the depositional environments of cherts Murray et al. 1991 Murray et al. , 1992a Murray 1994; Takayanagi 1998; Takayanagi et al. 2000) .
Before we apply a geochemical method to earth surface processes, possible effects of elemental fractionation through diagenetic processes must be understood. In the case of cherts, the main diagenetic processes are successive dissolution-precipitation and recrystallization of silica during the transformation of opal-A into quartz through opal-CT (Murata and Larson 1975; Pisciotto 1981) . Regarding geochemical fractionation during the formation of chert, Murray et al. (1992b Murray et al. ( , 1992c ) examined differences in chemical compositions between chert and host sediment during diagenesis. They targeted chert nodules occurring mainly in carbonate host sediments.
In contrast, in this study, we focus on porcellanites occurring in noncarbonate host sediments by examining DSDP 164 and 166 core samples containing porcellanite nodules. We compared the chemical composition of the porcellanite with that of the host sediment, which is composed mostly of pelagic clay and siliceous biogenic debris. This article addresses the elemental fractionation between porcellanite and the host sediment. Because porcellanite is the intermediate product between siliceous sediment and chert (Pisciotto 1981) , this study focuses on the midpoint of chert formation.
Sample and Method
Core samples from DSDP Sites 164 and 166 (open circles in fig. 1 ) were analyzed for major and trace elemental compositions. The sites are 5499 m and 6962 m below sea level and are deeper than the present calcite compensation depth (CCD). Analyzed samples are radiolarian oozes and pelagic clay, selected from the horizons shallower than 210 m below the sea floor (table 1; Shipboard Scientific Party 1973a , 1973b . Some samples contain porcellanites as clasts (table 1) . Previously determined radiolarian ages of DSDP 164 and 166 samples are Cenomanian to Early Miocene and Eocene to Pliocene, respectively (table 1; Shipboard Scientific Party 1973a , 1973b . A hiatus between Cretaceous and Tertiary may be present in the DSDP 164 core (Shipboard Scientific Party 1973a) . Porcellanites in the sample were handpicked from the host sediment, and only porcellanite samples with recovered weight 11 g were subjected for analysis.
Surface sediments around the equator are also analyzed for comparison (solid circles in fig. 1 ). In this article, box core samples and pilot core samples shallower than 30 cm from the core top are designated as "surface sediments." These samples were obtained during GH80-1, NH91-1, and NH93-1 research cruises by the Geological Survey of Japan and were recovered from water depths deeper than the CCD. CaCO 3 is therefore scarce in the samples. Samples yielding bubbles by addition of 1.7 M HCl were excluded because of the presence of the calcite.
Samples were prepared in the following way: NH91-1 and NH93-1 suites were dried in a vacuum chamber evacuated by a rotary pump and subsequently ground into less than 115 mesh. The DSDP 164 and 166 suites were rinsed with deionized water to remove salt, then dried at 110ЊC, and subsequently ground into less than 115 mesh. A GH80-1 suite was prepared by Sugisaki and Kinoshita (1982) .
We analyzed 42 samples for major and rare earth elements (REEs) in this study. An additional 28 samples from GH80-1, whose major elemental data are available in Sugisaki and Kinoshita (1982) and are used in the following discussion, were also analyzed for REEs. We analyzed 39 DSDP samples for Co, Ni, Cu, Zn, Ga, Rb, Y, Zr, Mo, Cs, Ba, Pb, and Th. We also analyzed 12 porcellanites and six host sediments for Sc, Cr, and U.
XRF.
Concentrations of major elements were determined by x-ray fluorescence (XRF) techniques on fused glass beads, prepared by fusing 0.7-g samples with 6.0 g lithium tetraborate. Calibration curves were obtained according to the method of Sugisaki et al. (1977) , with standard rock samples issued from the Geological Survey of Japan. The XRF analyses were performed with a Shimadzu SXF-1200 equipped with a Rh x-ray tube (40 kV, 70 mA) at Nagoya University. Analytical precision was estimated to be 11% for Si and 3% for other elements, except for Ti, whose analytical precision is 13% when the measured Ti level is !0.1%. Ti concentrations of DSDP samples were also determined by inductively coupled plasma mass spectrometry (ICP-MS).
ICP-MS. REEs, Ti, Co, Ni, Cu, Zn, Ga, Rb, Y, Zr, Mo, Cs, Ba, Pb, and Th were determined by ICP-MS with an HP4500 at Nagoya University. For REE determination, about 50 mg of sample were digested with 0.5 mL HClO 4 and 1 mL HF on a hot plate at 180ЊC and were subsequently dissolved in 1.7 M HCl. Sample solution was separated from the residue by centrifuge at 12,000 rpm. The residue was again digested with a 0.5-mL mixture of HClO 4 and HF on the hot plate at 180ЊC. The digested residue was dissolved in 1.7 M HCl, and the solution was again separated from residue by centrifuge. The remaining residue was fused with Na 2 CO 3 and dissolved in 1.7 M HCl. All of the 1.7 M HCl solutions were mixed, dried on the hot plate, and redissolved in 2 mL of 1.7 M HCl. This sample solution was subjected to cation chromatographic separation (Dowex 50WX8) of REEs from major elements and Ba, which interfere with the REE analysis by ICP-MS. Finally, the sample solution was dissolved in 2% HNO 3 for ICP-MS analyses.
For determination of concentrations of Ti and trace elements other than REEs, 30-mg samples were digested with HClO 4 and HF in the same manner as for REE determination. The supernatant by centrifugation was dried on a hot plate and dissolved in 2% HNO 3 for ICP-MS analyses.
Mixed standard solutions made from individual REE oxides were used as external calibration standards for REE analyses. As external calibration standards of Ti, commercially available 1000 ppm standard solution was diluted with 2% HNO 3 . Standard solutions for trace elements other than REEs were made from a standard composite glass prepared by Yamamoto and Morishita (1997) for trace element determinations by XRF. The pow- dered standard glass (40 mg) was digested with 0.5 mL HClO 4 and 1 mL HF and diluted with 2% HNO 3 . Indium was employed as an elemental internal standard for the determinations of Ti, Co, Ni, Cu, Zn, Ga, Rb, Y, Zr, Mo, Cs, and Ba, while Bi was employed for those of Pb and Th. In the REE analysis, both In and Bi were used for internal standards. Total blanks for Ti and REEs were not corrected because of their negligible contribution (!1%). Total blanks for most trace elements were !3%, and those of Zr and Pb were occasionally up to 10%. Appropriate blank corrections have been made for those elements. Analytical errors were estimated to be !3% for Ti, Rb, Pb, and REEs; !5% for Ga, Y, Ba, Cu, and Zn; !7% for Co, Ni, Zr, and Mo; and !10% for Cs and Th.
INAA. Co, Sc, Cr, Th, and U were determined by instrumental neutron activation analysis (INAA) for 12 porcellanites and six host sediments. Samples of about 100 mg and JB-1a as a standard were packed into separate ethylene bags. The bags were irradiated at the Japan Atomic Energy Research Institute with a thermal neutron flux of cm Ϫ2 s Ϫ1 for 5 min. Irradiated samples 13 5.5 # 10 and standards were analyzed with a Ge semiconducting detector Seiko EG&G activation analysis system at the Radioisotope Center at Nagoya University. Analytical precision was 12%, 3%, 6%, 22%, and 28% for Co, Sc, Th, Cr, and U, respectively. The major element and trace element concentrations were recalculated on the free basis of ignition loss (the complete data set is available from The Journal of Geology upon request). These recalculated concentrations are used in the following discussion and do not affect relative elemental abundance because all elements in the sample are corrected by the same factor.
Results and Discussion
Surface Sediment. The SiO 2 content of the surface sediment reaches the maximum value of up to 70 wt% around the equatorial Pacific and reaches the minimum value of !55 wt% around the Society Islands (15ЊS). The main sources of Si in marine sediments are detrital materials and biogenic opal, while Ti originates mainly from detrital materials (e.g., Sugisaki 1984; . Therefore, the Si/Ti ratio can be an indicator of the relative contribution of biogenic debris to detrital materials. The distribution of Si/Ti ratios for the present samples is shown in figure 2 . The Si/Ti ratios of the sediments around the equatorial region appear to have relatively higher values of 80-110, whereas those around the Society Islands show low values of !20. Consistently low Al/Ti and K/Ti ratios are characteristic of a high Ti value for the Society Islands samples. We interpret this effect as a contribution of basaltic detritus with high Ti content at 15ЊS (cf. Murray and Leinen 1993, 1996) , since the basalts that formed the Society Islands are characterized by relatively higher concentrations of Ti (2.0-4.0 wt%; Kogiso et al. 1997 ) than those of post-Archean Australian shale (PAAS; Taylor and McLennan 1985) and North American shale composite (NASC; Gromet et al 1984) with 1.0 wt% and 0.7 wt% of Ti, respectively.
In contrast to the Si/Ti ratios, the K/Ti ratios of surface sediments showed little variation irrespective of their sampling latitudes from 25ЊN to the equator. This suggests that variation of the Si/Ti ratios in the equatorial region is not due to the compositional difference of detrital materials. In the equatorial Pacific region, biological activity is so vigorous (Leinen 1992 ) that the chemical composition of the sediments would be affected largely by that of the biogenic opal (Leinen et al. 1986 ). Because the biogenic opal is composed mostly of SiO 2 , a dominant contribution of opal should result in lower concentrations of elements other than Si in the sediments (Sugisaki and Kinoshita 1982; Ya- Ratios of Ti-normalized concentrations in porcellanite to those in host sediment. A, Major elements. B, Trace elements. Composition of 28C was used as the host sediment for 27Poch, 31Poch, 31Pocl, and 31Pfch. mamoto 1983). Therefore, the observed high Si/Ti ratios in the equatorial sediments should reflect a large contribution of biogenic opal.
A latitudinal profile of Al/Ti ratios in the surface sediments parallels that of the Si/Ti ratios, and the highest value was also observed at an equatorial region ( fig. 2) . Thus, the variation in the Al/Ti ratios is probably related to the content of biogenic debris, as was inferred for the Si/Ti ratios. and Murray and Leinen (1996) reported that the Al/Ti ratios of equatorial sediments correlate with the bulk accumulation rate and model flux of 234 Th from seawater. Dymond et al. (1997) reported that biogenic opal is a predominant carrier of Al from seawater to sediment and suggested the possibility that the Al/Ti ratio can be used as a proxy for biogenic opal flux and/or the concentration of dissolved Al in seawater. These reports suggest that the variation of Al/Ti ratios shown in figure 2 probably reflects the contribution of Al adsorbed on biogenic debris from seawater.
DSDP Samples. Comparison between porcellanite and host sediment. Radiolarian shells filled with opal-CT were observed in thin sections of porcellanites in this study. This is consistent with the theory of Murray et al. (1992c) that the precipitation of SiO 2 is an important process for the formation of chert. The precipitation of SiO 2 derived from the host sediment results in the dilution of other elements in porcellanite and chert. Therefore, geochemical fractionation during porcellanite and chert formation should be recorded as elemental ratios of an objective element to a conservative one in porcellanite and chert and in the host sediment (Murray et al. 1992b (Murray et al. , 1992c . In the following discussion, we use Ti as the normalizing element because of its conservative nature. Figure 3 shows ratios of elements in porcellanite to host sediment normalized with respect to Ti concentrations (i.e., [X/Ti] porcellanite /[X/Ti] host sediment ). Because the associated host sediments were not available for some porcellanites (27Poch, 31Poch, 31Pocl, and 31Pfch), their chemical compositions are compared with that of 28C host sediment, sampled at the nearest horizon to these porcellanites. However, the Fe/Ti ratio of 28C is exceptionally high (85.6) compared with other sediments ( ). Hence, 27Poch, 31Poch, 31Pocl, and 14.9 ‫ע‬ 3.3 31Pfch show large deviations from unity in figure  3 . These large deviations are probably caused by the distinctive nature of 28C and do not reflect chemical fractionation during porcellanitization. This is shown in figure 4A and 4B, in which the fractionation factors of those porcellanites are calculated with respect to the composition of 26C.
Note that sample 26C was from the horizon second closest to those porcellanites and that the 26C-normalized fractionation factors of those porcellanites (27Poch, 31Poch, 31Pocl, and 31Pfch) are closer to unity, especially for Fe, Zn, Mo, Ba, Pb, and Cr.
In figure 4A and 4B, 31Pfch alone displays lower Ti-normalized values for elements other than Si, Na, K, Rb, Cs, Th, Cr, and U relative to those of 26C. Such deviations were not found in 31Poch and 31Pocl, which had been handpicked from the same sample as 31Pfch, indicating the possibility that 31Pfch has experienced some chemical processes that are independent from porcellanitization. Tinormalized elemental ratios of cherts to host sediments from DSDP and the Monterey Formation by Murray et al. (1992b) are also shown in figure  4C .
As shown in figure 4A and 4C, the Ti-normalized Si contents of both porcellanite and chert are higher than those of the host sediment, implying that the porcellanitized part has a high SiO 2 content relative to host sediment. The higher SiO 2 reflects either a relatively high content of siliceous biogenic debris Ratios of Ti-normalized concentrations in porcellanite and chert to those of their host sediment. Composition of 26C was used as host sediment for 27Poch, 31Poch, 31Pocl, and 31Pfch. Symbols used in A and B are the same as those in figure 3 . A, Major elements. B, Trace elements. C, Major and trace elements for DSDP samples and Monterey Formation samples reported by Murray et al. (1992b). compared to the host sediment or diagenetic Si accumulation from the host sediment in an open system. The latter explanation is plausible because (1) porcellanites contain siliceous test cemented with opal-CT, and (2) there is little difference of P/Ti ratio between porcellanite and host sediment, implying similar contributions of biogenic debris and detrital materials, as discussed below. This interpretation of porcellanite formation is in agreement with Murray et al. (1992b) . Another distinct feature of the porcellanites is the noticeable enrichment of U compared to the host sediment ( fig. 4B ). Because the U content of sediment depends largely on the redox condition (Calvert and Pedersen 1993) , porcellanite formation might involve changes in the ambient redox condition.
On the basis of the above arguments, elements that appeared not to be fractionated during porcellanite formation are Al, Fe, Mn, Ca, Na, K, P, La, Ce, Lu, Sc, Rb, Y, Cs, Pb, Th, and Cr (see fig. 4A and 4B for their Ti-normalized ratios of about 1). However, Murray et al. (1992b) report some of these elements, such as Mg, Ca, Na, K, Ba, and Cr (see fig. 4C ), were fractionated in DSDP samples during chert formation. In addition, Ti-normalized values of Fe and Mn in the chert nodule were reported to be lower than those of the host sediments ( fig. 4C) . Murray et al. (1992b) ascribed the low Mn/Ti ratios to preferential Mn loss during chert nodule formation. This idea was then generalized by Murray (1994) to a model that Mn was lost from silicified sediment during lenticular and bedded chert formation. The samples examined by Murray et al. (1992b) were DSDP chert nodules from carbonate host sediments, and the sediments from the Monterey Formation examined by Murray et al. (1992b) also contained carbonates. The porcellanites used in our work occur in silicate host sediments. Thus, some of the contradictions between the work of Murray et al. (1992b) and ours might be related to the difference in compositions of host sediments. For instance, the precipitation of MnCO 3 may be more feasible in carbonate sediment than in silicate sediment because the concentration of (Mn 2ϩ ) and (CO 3 2Ϫ ) in pore water controls the precipitation of MnCO 3 (Okita 1992; Okita and Shanks 1992 ) and higher (CO 3 2Ϫ ) concentration is expected in the pore water of carbonate sediment. In fact, Jones et al. (1994) reported that diagenetically altered Cacarbonate tests have a relatively high Mn content. This may be the reason why the carbonate host sediments contain more Mn compared to the chert clasts. In this respect, these low Ti-normalized values of Mn in the chert nodules relative to those in the carbonate host sediments might not directly reflect the fractionation during porcellanitization. This further suggests that the application of the Murray (1994) model might be limited to the formation of cherts in carbonate host sediments and that the apparently fractionated Fe, Mg, Ca, Na, K, Ba, and Cr contents might reflect the chemical fractionation related particularly to the carbonate host sediments. Because the porcellanites in the present study are contained in silicate sediment, the results of this study can provide more reliable information about the chemical fractionation during the dia- (Gromet et al. 1984) modified by Kawabe et al. (1998) . A, NASC-normalized REE patterns. Key to symbols is shown in B. B, NASCnormalized patterns in which averages of the normalized values of each REE were adjusted to be unity to remove the effect of variation in REE concentrations. C, NASCnormalized patterns of Chinese loess (Liu et al. 1993; Gallet et al. 1996) and estimated biogenic apatite (Takebe 2001) . The averages of the normalized values of each REE were also adjusted to unity. genesis of bedded cherts associated with silicate shale partings. Unlike the cherts in carbonate hosts, there is no evidence for significant elemental fractionation of Fe, Mn, Mg, Ca, Na, K, and Cr during porcellanitization in silicate sediments.
REE characteristics. The sedimentary environments of DSDP sites 164 and 166 can be envisaged on the basis of Ti-normalized values of Al, P, REEs, Rb, and Th, which are conservative elements during porcellanitization. Si/Ti ratios of the DSDP samples except for porcellanites are also useful indicators of the contribution of biogenic opal. Examples of REE patterns of the DSDP samples are shown in figure 5A and 5B. The La concentrations range from a few ppm to 150 ppm and Lu varies from 0.1 ppm to 3 ppm. The REE patterns of the DSDP samples are less variable and can be classified into two groups: (1) those with progressive and moderate depletion from La to Lu and (2) those with progressive enrichment from La to Gd and no apparent fractionation for heavier elements. Most of the Upper Cretaceous samples have the former (depleted REE composition), while post-Cretaceous samples fall into the latter group. All DSDP samples show negative Ce anomalies, which tend to be more negative for samples with relatively enriched heavy REEs. Only the oldest sample (17C) shows a positive Eu anomaly and enrichment of heavy REE relative to light REE ( fig. 5A , 5B). For comparison, figure 5C shows REE patterns of Chinese loess reported by Liu et al. (1993) and Gallet et al. (1996) and biogenic apatite estimated by Takebe (2001) . The REE patterns of 1 and 2 resemble those of the loess and biogenic apatite, respectively.
Detrital component. Figure 6 shows the correlation diagrams of Rb/Ti versus Th/Ti, Al/Ti versus Th/Ti, and Al/Ti versus K/Ti. These ratios are expected to provide clues to infer the source of the detrital component in the DSDP samples because K, Th, Rb, and Ti in sediment are believed to originate from the detrital component (Kyte et al. 1993) . With respect to K/Ti, Th/Ti, and Rb/Ti ratios, most DSDP 164 and 166 samples have ratios close to the NASC and PAAS, suggesting that the detrital component in DSDP samples is mostly derived from the continental crust ( fig. 6 ). In addition, in most cases, the small variations of K/Ti, Th/Ti, and Rb/Ti ratios indicate little contribution of other detrital materials to the sediments in DSDP 164 and 166 during the Late Cretaceous to present. In contrast, four samples with clearly smaller Th/ Ti ratios (5Poch, 17C, 22C, and 23C) must contain detrital materials derived from other sources. In fact, Th/Ti ratios from Hawaiian basalts (Garcia et al. 1993) or andesites (Condie 1993 ) are significantly smaller than those of NASC and PAAS, indicating the likelihood of their involvement in formation of these four samples. The apparent occurrence in 17C of a positive Eu anomaly with Figure 6 . Ti-normalized values of some elements in DSDP samples. A, Rb/Ti (ppm/%) versus Th/Ti (ppm/%) ratios. B, Al/Ti versus Th/Ti (ppm/%) ratios. C, Al/Ti versus K/Ti ratios. The data for PAAS, NASC, and Hawaiian basalt are from Taylor and McLennan (1985) , Gromet et al. (1984) , and Garcia et al. (1993) , respectively. The data for andesite and felsic volcanic rocks are from Condie (1993) . the smallest Th/Ti ratio is also consistent with the geochemical characteristics of oceanic island basalt (Garcia et al. 1993 ). Hence, sample 17C probably contains basaltic detritus derived from oceanic islands.
Biogenic production: Si/Ti ratio. To discuss the contribution of biogenic Si to sediments and the relation between Si/Ti ratio and biogenic debris, this section focuses only on clayey samples, which are considered to be free from diagenetic Si enrichment. The volume of porcellanites is so small relative to that of the clayey host sediment that Si enrichment of porcellanites has not greatly affected the host sediment's Si content. Strictly speaking, Si/Ti ratios of the host sediments containing porcellanites show the lower limits of the original Si/ Ti ratios at deposition. The Si/Ti ratios of clayey sediments including host sediment are plotted against their respective ages in figure 7A , together with those for porcellanites for reference. The range of ratios of surface sediments from the equator to 20ЊN is indicated by the solid bar at the top of each figure (fig. 7) . The Si/Ti ratios of the Upper Cretaceous samples are within the range reported for the surface sediments (Si/ -112.1). The Ti p 16.5 Eocene samples show remarkably higher Si/Ti ratios, some of which are 11000, even for the clayey samples. The post-Eocene samples from DSDP 166 also have higher Si/Ti ratios than those of the surface sediments.
In the study area, the chemical compositions of detrital materials show little variation through the depositional age, except for a few samples. Thus, the Si/Ti ratio in the clayey sediments should reflect a contribution of biogenic opal relative to detrital materials. The Upper Cretaceous clayey samples have Si/Ti ratios similar to those of PAAS and NASC, suggesting a very limited contribution, if any, of biogenic opal to bulk accumulation in DSDP 164 during the Late Cretaceous. In contrast, higher Si/Ti ratios of Eocene clayey samples suggest rapid accumulation of biogenic opal relative to terrestrial material.
Biogenic production: P/Ti ratio. Figure 7B shows the age profile of the P/Ti ratios of the DSDP samples. There is a clear cutoff in P/Ti ratios between the Upper Cretaceous and post-Cretaceous samples. The P/Ti ratios of the Upper Cretaceous samples are similar to those of PAAS and NASC and increase with age. In the Cenozoic samples, the P/Ti ratios exhibit the maximum value of about 6 in the Eocene and decrease with age to 1.5.
The P/Ti ratios of DSDP samples show a strong positive correlation with Ca/Ti ratios, except for some samples with anomalously high Ca/Ti ratios ( ; fig. 8 ). In figure 8A , part 2, the slope R p 0.995 of the correlation agrees very well with the Ca/P ratio defined by the ideal chemical composition The data for PAAS and NASC are from Taylor and McLennan (1985) and Gromet et al. (1984) , respectively. Geological time scale is that defined by Odin (1994 [OH, F, Cl] ), strongly indicating that P and Ca in the DSDP samples are associated with the CFA. The major candidates for CFA in pelagic sediment are fish debris and authigenic minerals. reported relatively high P concentration and abundant fish debris in the 2-100-mmgrained fraction of the surface pelagic sediments from the east equatorial Pacific. This observation indicates the important role of fish debris as a source of P in the pelagic sediments. In various Pacific regions, the fish debris is reported to be largely concentrated in Upper Paleogene to Lower Eocene sediments (Doyle and Riedel 1979 , 1980 , 1981 Winfrey et al. 1987) . The DSDP samples in this study also have the highest P/Ti ratio in the Eocene samples. In addition, the P/Ti ratios of the DSDP clayey samples correlate with their Si/Ti ratios, which are indices of biogenic debris ( fig. 7A,  7B ). Thus, we regard the main source of P in the DSDP samples as likely to be fish debris. Although the possible presence of diagenetic apatite was previously reported (Filippelli and Delaney 1996) , we note that its contribution to the total P budget should be quite limited because P/Ti ratios of the DSDP samples do not show any correlation with either the sedimentation depth or the degree of porcellanitization.
As shown in figure 8B , P/Ti ratios in DSDP samples show a strong positive correlation with REE/ Ti ratios. Since P is mainly contained as biogenic apatite in those samples, REEs also seem to be contained in the biogenic apatite. Takebe (2001) reported the same correlation between P and REE for Pacific surface sediments and calculated the REE composition of biogenic apatite on the basis of the correlation ( fig. 5C ). The Eocene DSDP samples in this study show a similar REE pattern to that estimated for the apatite by Takebe (2001) . Therefore, the REE composition of the Eocene samples are also likely to be significantly affected by biogenic apatite. Toyoda and Tokonami (1990) proposed that biogenic apatite can concentrate REEs from seawater and/or pore water after sedimentation.
As discussed above, P and REEs are conservative during porcellanitization. Therefore, the contents of P and REEs in a porcellanite can be indicators of paleoproductivity.
Adsorbed Al and porcellanitization. The temporal variations of Al/Ti ratios in the DSDP sam- ples follow a path similar to that observed for P/Ti ratios ( fig. 7B and 7C ). The Al/Ti ratios of the Upper Cretaceous samples increase with age. Most Cenozoic samples have higher Al/Ti ratios than those in the surface sediments. The Al/Ti ratios of the Eocene samples are particularly high, 130 in some cases. One sample, 5Poch, has an exceptionally low Al/Ti ratio compared with other Eocene samples. It should be noted that 5Poch also has Th/Ti and Rb/Ti ratios clearly distinct from those of NASC and PAAS. pointed out that Al and Ti in sediment are derived largely from detrital components. Despite the large and uniform contribution of terrigenous material from the Upper Cretaceous to the present as shown in figure 6 , the Al/ Ti ratios fluctuate greatly with age. Al/Ti ratios of some Eocene DSDP 166 samples are extremely higher than those of PAAS and NASC. Moreover, figure 6B and 6C indicates that the Al enrichment is not associated with fluctuation of K, Th, Rb, and Ti contents, which depends largely on chemical composition of detrital materials. Consequently, Al can be regarded as originating partly from components other than detrital materials. The fluctuation of the Al/Ti ratio of DSDP samples against age is also synchronized not only to that of the P/Ti ratio but also to the Si/Ti ratio of the clayey samples. As discussed above, P/Ti and Si/Ti ratios are largely influenced by the contribution of biogenic debris. As shown clearly in figure 9 , Al/Ti ratios are positively correlated with Si/Ti ratios for clayey samples with Si/Ti ratios 120. Therefore, the Al/Ti ratios of the DSDP samples are probably affected by biogenic productivity. and Murray and Leinen (1996) reported that Al/Ti ratio fluctuation in core samples at the equatorial Pacific is associated with glacial-interglacial cycles, indicating that the Al/Ti ratio can be a possible proxy for biogenic productivity for Quaternary samples. This result suggests a possibility that the Al/Ti ratio can also be used as the same proxy for older sediment to Cretaceous.
For the adaptation of the Al/Ti ratio in porcellanite and/or chert as a paleoproductivity index, fractionation of adsorbed Al during porcellanite and chert formation must be clarified. Although Al in aluminosilicate is considered to be conservative during diagenesis (Murray 1994) , there has been no discussion as to whether adsorbed Al is conservative or not during the processes. The Cenozoic DSDP samples are inferred to contain large amounts of adsorbed Al. As discussed above, there is little difference of Al/Ti ratio between porcellanite and host sediment in the Cenozoic samples ( fig. 4) . This strongly suggests that the adsorbed Al is conservative during porcellanitization and that the Al/Ti ratio in porcellanite and chert can be an indicator of the relative accumulation rate of biogenic debris to detrital materials.
Conclusion
We have analyzed major and trace elemental abundance in porcellanite clasts and their host sediments to explore the application of geochemical information to problems related to the formation of cherts. Porcellanite gains Si from host sediment in open system during porcellanitization. On the other hand, Al, Fe, Mn, Ca, Na, K, P, REEs, Sc, Rb, Y, Cs, Pb, and Th are considered to be conservative during porcellanitization. This suggests that such elements in the porcellanites preserve information on the sedimentary environment. In addition, this article shows that the Al/Ti ratio and the P/Ti ratio behave conservatively during porcellanitization and that both ratios can be potential indicators of paleoproductivity of marine biota.
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